Manipulation of the performance of the random lasers from dye-doped nematic liquid crystals with TiN nanoparticles in non-oriented cells is studied. The experimental results show that the introduction of TiN nanoparticles into dye-doped nematic liquid crystals significantly reduces the threshold of random lasing due to the localized surface plasmon resonance of TiN nanoparticles. The emission spectrum of random lasers can be controlled by the shape of the pump spot. The threshold of random lasers increases with the decrease of the length of pump stripe. In order to obtain the emission spectrum with fine discrete sharp peaks, the narrow pump stripe is more effective than the circular pump spot. When the pump area is more like a circle, the emission spectrum is more like an amplified spontaneous emission. The underlying mechanisms of these phenomena are discussed in detail. This study provides a promising platform for designing the high-quality and low-threshold random lasers which can be controlled by the shape of the pump spot.
Introduction
Conventional laser is usually formed by three basic elements: a gain medium, an exciting source, and an optical resonant cavity. However, since Letokhov [1] theoretically proposed in 1968 that the optical feedback of stimulated emission can be provided by scatterers, a new avenue for the realization of lasers without cavity has been opened. Random lasers, whose optical feedback is the multiple scattering caused by random fluctuations of the dielectric constant in space, have attracted widespread attentions due to their unique physical mechanisms and potential applications [2] [3] [4] [5] [6] . Generally, the generation of random lasers must satisfy two conditions: (i) light is amplified by the stimulated emission and the feedback comes from the multiple scattering, and (ii) there is an energy threshold which is defined by the sharp narrowing of the spectrum and the sharp increase of the peak intensity as the pump energy increases. When the pump energy exceeds the threshold, the total gain overcomes the total loss in the random system, which results in the occurrence of random lasers. In the past few decades, a wide range of materials, such as semiconductor [7] , π-conjugated [8] , human tissues [9] , quantum dots [10] , metallic nanoparticles [11, 12] , polymers [13] , and liquid crystals (LCs) [14] [15] [16] have been used to realize random lasers. Metal nanoparticles, such as gold (Au) nanoparticles and silver (Ag) nanoparticles are often used to enhance the performances of random lasers [11, 12, [17] [18] [19] [20] . For example, Dice et al. [17] reported in 2005 that the random lasers formed by suspending Ag nanoparticles in the laser dye solution. In 2006, Popov et al. [18] studied the dye-doped polymer film random lasers enhanced by Au nanoparticles. In 2016, Ye et al. [19] investigated the influence of Ag nanoparticles on random lasers from dye-doped nematic liquid crystals. In 2019, the recyclable random lasers assisted by metal nanoparticles in DCM dye doped polyvinyl alcohol (DCM-PVA) thin films are studied [20] .
Nematic liquid crystals are one of ideal materials for fabricating random lasers because of its unique optical characteristics. The scattering intensity of nematic liquid crystals is very strong in the visible region, which is about 10 6 times larger than that of the isotropic liquid [21] . Moreover, the director of nematic liquid crystals is easily modulated by the external stimuli including the electric field, magnetic field, temperature, and light [22] [23] [24] [25] . Recently, we reported a plasmonic random laser of dye-doped nematic liquid crystals with TiN nanoparticles in capillary tubes. Advantages of this random laser enhanced by localized surface plasmon resonance (LSPR) of TiN nanoparticles have been discussed in our article [26] . However, the manipulation of the random laser emission from dye-doped nematic liquid crystals with TiN nanoparticles (NPDDNLC) in non-oriented cells has not been studied.
Over the past few decades, plenty of methods have been proposed for controlling the performance of random lasers [27] [28] [29] [30] [31] [32] [33] . Some deals with adjusting the scatterers, others depend on controlling the gain. However, these methods either change the random structures or use different samples. This needs a complex manufacturing process, which limits the actual application of random lasers. For most applications, active manipulation of random lasers is more desired. Among these methods, the partial pump control, which can be operated in a single random sample, are simpler. Therefore, we adopt this method to control the performance of random lasers from dye-doped nematic liquid crystals with TiN nanoparticles in non-oriented cells.
In this work, we achieve experimentally the control of the high-quality and low-threshold random lasers by tuning the shape of the pump spot. The experimental results show that the introduction of TiN nanoparticles into dye-doped nematic liquid crystals makes the threshold of random lasers be reduced tenfold owing to the localized surface plasmon resonance of TiN nanoparticles. The narrow pump stripe is more effective than the circular pump spot for the realization of coherent random lasers with discrete sharp peaks on the emission spectrum. When the pump area is more like a circle, the emission spectrum is more like an amplified spontaneous emission. The potential reasons for these phenomena are discussed.
Materials and Methods
The experimental materials used in this experiment include nematic liquid crystals (P0616A, from slichem), TiN nanoparticles (diameter d = 40 nm, from DK nano), and the laser dye DCM (from Exciton). The sample making process is as follows: the TiN nanoparticles and DCM are dispersed in nematic liquid crystals with the density of 5.314 × 10 11 /mL and 0.3 wt%, respectively. Then, the mixture is stirred for one hour, and the ultrasonic process is performed to ensure the homogeneous mixing. The liquid crystal cell fabricated by two glass slides with non-oriented is filled by the mixture due to the capillary effect. The gap of the liquid crystal cell is 20 µm. Figure 1 shows the schematic diagram of the experimental setup. The sample is optically pumped by a second harmonic of a Q-switched Nd: YAG laser (λ = 532 nm, 10 Hz in repetition rate, and 8 ns in pulse duration). The pump energy can be adjusted by the energy attenuator formed by a half-wave plate and a polarizer. Then, the pump light is split into two sub-beams with the same energy by a neutral beam splitter. One beam is recorded by an energy meter as a reference light. The other beam is focused by a cylindrical lens and adjusted by a slit before irradiating the sample. The polarization of the pump beam is parallel to the x-axis as shown in Figure 1 . The excited stripe is 1 cm of length and 0.2 mm of width when there are no special instructions. The single-shot emission spectrum of the sample is measured by a fiber spectrometer with the spectral resolution of 0.13 nm. 2 λ , P, NBS, CL, EM, and FS express the half-wave plate, polarizer, neutral beam splitter, cylindrical lens (focal length of 10 cm), energy meter, and fiber spectrometer, respectively.
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Figure 2a
shows the evolution of the emission spectrum of the NPDDNLC sample as the pump energy density increases from 0.135 mJ/cm 2 to 0.39 mJ/cm 2 . The pump energy density is defined as the ratio of the pump energy to the pump area. When the pump energy density is low, the emission spectrum is a broad spontaneous emission with the full width at half maximum (FWHM) of about 35 nm. As the pump energy increases, some discrete sharp peaks suddenly emerge on the top of the spontaneous emission spectrum. The FWHM of the discrete sharp peaks is about 0.3 nm, which is more than 100 times smaller than the FWHM of the spontaneous emission. This indicates the occurrence of coherent random lasers. When the pump energy density further increases, more discrete sharp peaks appear on the top of the spontaneous emission spectrum, and the peak intensity of the sharp peaks increases sharply. The peak intensity and FWHM of the emission spectrum of the NPDDNLC sample as a function of the pump energy density are shown in Figure 2b . The peak intensity of the emission spectrum increases slowly as the pump energy density increases to 0.2 mJ/cm 2 . However, when the pump energy density is larger than 0.2 mJ/cm 2 , the peak intensity of the emission spectrum increases dramatically. The FWHM of the emission spectrum narrows slowly as the pump energy density increases to 0.2 mJ/cm 2 . However, when the pump energy density exceeds 0.2 mJ/cm 2 , the FWHM of the emission spectrum narrows sharply to about 0.3 nm. Therefore, we obtain that the pump threshold, defined by the sharp narrowing of the emission spectrum and the slope changing of the peak intensity as the pump energy density increases, is about 0.2 mJ/cm 2 , which is much lower than that in the references [10, [34] [35] [36] . 
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Figure 2a
shows the evolution of the emission spectrum of the NPDDNLC sample as the pump energy density increases from 0.135 mJ/cm 2 to 0.39 mJ/cm 2 . The pump energy density is defined as the ratio of the pump energy to the pump area. When the pump energy density is low, the emission spectrum is a broad spontaneous emission with the full width at half maximum (FWHM) of about 35 nm. As the pump energy increases, some discrete sharp peaks suddenly emerge on the top of the spontaneous emission spectrum. The FWHM of the discrete sharp peaks is about 0.3 nm, which is more than 100 times smaller than the FWHM of the spontaneous emission. This indicates the occurrence of coherent random lasers. When the pump energy density further increases, more discrete sharp peaks appear on the top of the spontaneous emission spectrum, and the peak intensity of the sharp peaks increases sharply. The peak intensity and FWHM of the emission spectrum of the NPDDNLC sample as a function of the pump energy density are shown in Figure 2b . The peak intensity of the emission spectrum increases slowly as the pump energy density increases to 0.2 mJ/cm 2 . However, when the pump energy density is larger than 0.2 mJ/cm 2 , the peak intensity of the emission spectrum increases dramatically. The FWHM of the emission spectrum narrows slowly as the pump energy density increases to 0.2 mJ/cm 2 . However, when the pump energy density exceeds 0.2 mJ/cm 2 , the FWHM of the emission spectrum narrows sharply to about 0.3 nm. Therefore, we obtain that the pump threshold, defined by the sharp narrowing of the emission spectrum and the slope changing of the peak intensity as the pump energy density increases, is about 0.2 mJ/cm 2 , which is much lower than that in the references [10, [34] [35] [36] . For investigating the influence of the TiN nanoparticles on the performance of random lasers of the NPDDNLC sample, we also studied the emission spectrum of the dye-doped nematic liquid crystal (DDNLC) sample at different pump energy densities as shown in Figure 3a . Similar to Figure 2a , some discrete sharp peaks can be observed on the top of the spontaneous emission spectrum. However, it is worth noting that the emission spectrum of the DDNLC sample as a function of the pump energy density has some different characteristics compared to that of the NPDDNLC sample shown in Figure 2a . Although, the pump energy density in the DDNLC sample is much larger than that in the NPDDNLC sample, the number of the discrete sharp peaks of the emission spectrum of the DDNLC sample is much less than that of the NPDDNLC sample. The discrete sharp peaks of the emission spectrum of the DDNLC sample is weaker and the amplitude of the spontaneous emission is larger than that of the NPDDNLC sample. Figure 3b shows the peak intensity and FWHM of the emission spectrum of the DDNLC sample as a function of the pump energy density. Similar to Figure 2b , the peak intensity of the emission spectrum increases distinctly and FWHM of the emission spectrum narrows sharply when the pump energy density exceeds a given value. However, the pump threshold of the DDNLC sample is about 2.0 mJ/cm 2 , which is 10 times larger than the pump threshold of the NPDDNLC sample. In addition, the slope efficiency of the NPDDNLC sample, defined as the increase amplitude of the peak intensity of emission spectrum for unit pump energy density, is about 10 times larger than that of the DDNLC sample, which means that the conversion rate of the pump energy into lasing is increased dramatically by adding the TiN nanoparticles into DDNLC.
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Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 9 nanoparticles into the sample. This makes that the dwelling time of the light in the sample is increased markedly. When the gain exceeds the loss, the random laser occurs. In order to study the influence of the length of pump stripe on the emission spectrum, an adjustable slit is added in front of the sample as shown in Figure 1 , which can change the length of pump stripe illuminated on the sample. Figure 5a shows the emission spectrum of the NPDDNLC sample as a function of the length of pump stripe, when the pump energy density is 0.52 mJ/cm 2 . The emission intensity decreases with decreasing the length of pump stripe from 10 mm to 2 mm. In addition, the number of the discrete sharp peaks decreases markedly with the decrease of the length of pump stripe. As we can see in Figure 5a , the discrete sharp peaks disappear when the length of pump stripe decreases to be less than 4 mm. This is because the gain length of the photons emitted from the dye molecules reduces with the decrease of the length of pump stripe. The effective region of the system [40] , defined as the pump region plus the absorption length, decreases with the decrease of the length of pump stripe, which makes the reduction of the random laser modes in the sample. When the length of pump stripe decreases to a given value, the discrete sharp peaks will disappear due to the fact that the gain is smaller than the loss. It also means that the pump energy is lower than the threshold. Figure 5b shows the pump threshold of the NPDDNLC sample as a function of the length of pump stripe. The pump threshold increases with the decrease of the length of pump stripe. When the length of pump stripe is longer than 6 mm, the pump energy density (0.52 mJ/cm 2 ) is larger than the pump threshold. Therefore, the discrete sharp peaks can be observed. When the length of pump stripe is shorter than 4 mm, the pump energy density is lower than the pump threshold. Therefore, the random laser action cannot occur. Here, the influence of the width of pump area on the emission spectrum is studied. In this process, the silt is removed. The pump area is an ellipse whose length (i.e., the length of the ellipse's long-axis) is fixed (about 10 mm), and its width (i.e., the length of the ellipse's short-axis) can be tuned by changing the distance between the sample and the cylindrical lens. Figure 6a shows the emission spectrum of the NPDDNLC sample at different widths of pump area when the pump energy density is about 0.54 mJ/cm 2 . According to common sense, the number and the intensity of the discrete sharp peaks should increase with the increase of the pump area because of the increase of the effective region of the system. However, according to our experimental data, the number and the intensity of the observed discrete sharp peaks decrease with the increase of the width of pump area. As we can see in Figure 6a , when the width is shorter than 2 mm, the discrete sharp peaks can be observed clearly. When the width of pump area increases to be larger than 3 mm, the discrete sharp peaks can be observed poorly. Further increasing the width of pump area to be longer than 6 mm, it is difficult to see the discrete sharp peaks. This can be explained by two different reasons: (i) when the width of pump area increases, the light emitted from dye molecules can be amplified not only along the direction of the long side of the pump area, but also along the other directions of the pump area. The number of local modes increases with the increase of the pump area. However, the gain efficiency of the DCM molecules is limited when the pump energy density is fixed. Therefore, the fierce competition between different modes exists. In addition, the emission spectrum along other directions is not collected because the experimental data are collected along the direction of the long side of the pump area. When the gain is occupied by the modes along other directions, the intensity of the lasing modes along the direction of the long side of the pump area decreases, even these modes cannot be excited. (ii) The lasing threshold of different local modes is very similar because the random system used in our experiment is a weak scattering system [40] . When the pump area is small, fewer modes can be excited, and the distance between two adjacent lasing modes is big enough to let us observe clearly some discrete sharp peaks on the emission spectrum. When the width of pump area increases, the lasing threshold of the sample decreases due to the fact that a bigger gain area results in more modes which can be stimulated simultaneously [29] . The resonant modes are coupled to each other and their spectrum will overlap [41] . Therefore, the lasing modes cannot be distinguished. In this case, the emission spectrum is smooth and its characteristics are more like an amplified spontaneous emission (ASE).
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where I pn expresses the peak intensity of the nth laser mode, I sn expresses the intensity of the amplified spontaneous emission (ASE) curve of the nth laser mode as shown in the inset of Figure 6a . When the value of the sharpness S approaches 1, the laser mode is very good and sharp. When the value of the sharpness S approaches 0, the emission spectrum is smooth. Figure 6b shows the sharpness of laser modes as a function of the width of pump area. As we can see in Figure 6b , the sharpness of laser modes decreases with the increase of the width of pump area. When the width of pump area exceeds 6 mm, the sharpness S is close to 0. For comparison, the emission spectrum of the NPDDNLC sample is studied when the pump area is a circular spot. In this process, the cylindrical lens shown in Figure 1 is replaced by a convex lens with the focal length of 10 cm, which can focus the pump light to be a circular spot. The diameter of pump spot can be tuned by changing the distance between the sample and the convex lens. Figure 7a shows the emission spectrum of the NPDDNLC sample at different pump energies, when the diameter (D) of pump area is 10 mm. Unlike the emission spectrum shown in Figure 2a , the discrete sharp peaks cannot be observed clearly on the top of the emission spectrum shown in Figure 7a when the pump energy density increases from 0.098 mJ/cm 2 to 0.543 mJ/cm 2 . The emission spectrum is more like an ASE spectrum. The inset of the Figure 7a shows the peak intensity of the corresponding emission spectrum as a function of the pump energy density. The peak intensity of the emission spectrum increases near linearly with the increase of the pump energy density. There is no obvious lasing threshold as shown in the inset of the Figure 7a . This further proves that the emission spectrum is more like an ASE spectrum. Figure 7b shows the emission spectrum of the NPDDNLC sample as a function of the diameter of pump area, when the pump energy density is 0.57 mJ/cm 2 . The inset of the Figure 7b shows the peak intensity of the corresponding emission spectrum as a function of the diameter of pump area. The intensity of emission spectrum decreases with the diameter of pump area decreases from 10 mm to less than 1 mm. However, the obvious discrete sharp peaks are not observed during this process. From what has been discussed above, we may safely draw the conclusion that the random lasing modes and the lasing threshold can be controlled by the external pumping setup. The transition between the coherent random laser and the amplified spontaneous emission can be operated by changing the shape of the pump area. In addition, the stripe-shape of the pump area is more effective than the circle-shape of the pump area for the occurrence of coherent random lasers.
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In conclusion, it has been demonstrated experimentally that high-quality and low-threshold random lasers formed by the dye-doped nematic liquid crystals with TiN nanoparticles in non-oriented cells can be controlled by the shape of the pump spot. The results show that the threshold of the NPDDNLC sample is about 10 times lower than that of the DDNLC sample because of the LSPR of TiN nanoparticles. The threshold of the random laser from the NPDDNLC sample increases with the decrease of the length of pump stripe. The number of discrete sharp peaks observed on the top of the emission spectrum decreases with the increase of the width of the pump stripe. When the width of the pump stripe is larger than 6 mm, the emission spectrum of the NPDDNLC sample is more like an ASE spectrum. For comparison, we also studied the evolution of the emission spectra of the NPDDNLC samples with the diameter of the circular pump spot. We can draw the conclusion that the narrow pump stripe is more effective than the circular pump spot for the generation of coherent random lasers with discrete sharp peaks. Our study provides an effective way for the realization of the high-quality and low-threshold random lasers of which the characteristics can be controlled by the shape of the pump spot.
